Density functional theory and ab initio molecular dynamics simulations are applied to investigate the migration of Mn(II) ions to above-surface sites on spinel Li x Mn 2 O 4 (001) surfaces, the subse- 
I. INTRODUCTION
Lithium ion batteries (LIB) featuring transition metal oxide cathodes and organic solventbased electrolytes are currently the energy storage devices used to power electric vehicles. Mn dissolution has often been discussed in connection with Hunter's disprortionation mechanism, 2Mn(III) → Mn(II) + Mn(IV),
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associated with under-coordinated Mn(III) on LMO surfaces. 19 Early computational studies have focused on demonstrating the existence of Mn(II) on LMO surfaces under ultrahigh vacuum (UHV) conditions. 20 A recent study, which includes explicit liquid solvent molecules, reveals that the solvent can coordinate to surface Mn(III) ions, completing their coordination shells, converting them to Mn(IV), and removing the driving force for disproportionation.
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More in-depth atomic-lengthscale studies of Mn dissolution are clearly needed.
Extensive spectroscopic and imaging studies have been conducted to understand degradation on cathode oxide material surfaces. The existence of liquid electrolyte decomposition products, forming very thin SEI (sometimes called cathode electrolyte interphase or CEI) films on the cathode, has been amply demonstrated. 2, [22] [23] [24] [25] The overall speciation of electrolyte decomposition products have been reported, 27-29 but elucidation of the atomic structure and chemistry of the active material/SEI interface, expected to be most relevant to Mn dissolution, remains a challenge. The composition of surface films is likely not static but depends on charge/discharge conditions. 25, 26 Scanning transmission electron microscopy (STEM) and other techniques have demonstrated that cycled layered nickel/manganese/cobalt (NMC) oxides undergo surface reconstruction to a Mn(II) rock salt phase. 30 Surface reconstruction and phase transformation have also been reported for spinels at elevated temperatures in accelerated aging studies. Other studies have further emphasized the role of specific organic fragments on Mn dissolution. Jarry et al. 32 have applied fluorescence spectroscopy to identify β-diketonate chelating to dissolved Mn, and have proposed a detailed mechanism for the formation of this species from the dimethyl carbonate (DMC) cosolvent used in organic battery electrolytes.
Meanwhile computational studies have reported decomposition of ethylene carbonnate (EC) on two LMO surface facets. 21, 33, 34 These studies report EC oxidation, ring opening, and proton transfer to LMO surfaces. They omit DMC and do not report β-diketonate formation.
However, it can be argued that Mn-chelating organic species other than β-diketonate also facilitate Mn dissolution, even if they lack fluoresence signatures and are not readily detected.
These advances make it timely to revisit the mechanism associated with Mn loss from spinel oxides. We distinguish between two processes: Mn(II) migration to noncrystallographic sites above the surface, and subsequent Mn(II) dissolution, as shown schematically in Fig. 1 Sec. V concludes the paper with a summary of the main findings.
II. METHODS

A. Computational Challenges and Perspectives
First we briefly discuss the limitations of AIMD modeling of buried liquid-solid interfaces. Imaging and spectroscopic techniques like TEM and XPS have yet to provide atomic lengthscale-resolution structural data that should be the starting points of such calculations.
In particular, the precise surface features exposed at the interface, the speciation of decomposed electrolyte fragments ("SEI") adsorbed on the cathode, the thickness of such SEI layers, and the identity and surface concentration of structural defects that may enhance Mn dissolution, have not been elucidated. In electrochemical settings, there is the additional challenge of determining the surface charge density consistent with the applied voltage.
Our approach is to create model surface structures and study their most relevant properties. In this case, the key metrics are Mn surface migration and dissolution barriers. If the predicted time frames exhibit large discrepancy with measurments, the models are modified.
Thus our interfacial model structures should be considered plausible scenarios. Even with this caveat, these calculations are valuable for providing insights into battery degradation All PMF simulations apply two-body reaction coordinates of the form
where R is the position vector of an atom and z is its position perpendicular to the interface. The two coordinates are used in Mn surface migration (Sec. III B) and dissolution (Sec. III C) studies, respectively. The specific atoms involved will be described in Sec. III. Harmonic penalties
energies in a series of windows with a progression of R o values, separated by 0.3Å, spanning the reaction paths. B o is set at 4 eV/Å 2 . ∆W (R) = −k B T log P (R) where P (R) is the probability that a R value is observed, after adjustment to remove the effect of the umbrella sampling constraint. 37 A similar procedure is used for the coordinate R ′ . The elevated temperature is only adopted to accelerate the molecular dynamics. The final ∆W (R) and ∆W (R ′ ) expressions assume a temperature of T=300 K.
Along the R ′ -coordinate, each window is initiated by taking a configuration 1 ps into the trajectory from the previous window. For the R-coordinate, a new window is generated a few ps into the trajectory from three windows away (∆R o =-0.9Å). These tentpole windows are then used to create starting configurations in adjacent windows with ∆R o =±0.3Å.
This scheme is adopted to pre-estimate the size of the barrier before computing the entire ∆W (R). The first 1 ps in each window is used for equilibration and discarded. Statistics are collected for the next 10 ps. Statistical uncertainties in W (R) are estimated by splitting the trajectory in each window into five, calculating the standard deviation, and propagating the noise across windows assuming gaussian statistics.
We do not apply the popular metadyamics method, based on non-equilibrium trajectories, to compute the PMF. 38 The main reason is that Mn migration involves many moving parts, and diffusive molecular motions are critical. The umbrella sampling approach used herein permits us to run trajectories of variable lengths that are not determined ahead of time.
This allows a more systematic treatment of diffusive motion.
In the absence of F − ions, our PMF calculation yields a barrier that is too high compared to experimental timescales. See the S.I. To obtain a lower barrier, we have manually added a F − anion coordinated to the migrating or "tagged" Mn. A further 1.4 ps AIMD simulation is conducted for equilibration purpose, and a PMF calculation is restarted with this added
A different set of AIMD simulations involve the interface between LEDC and Li 2 CO 3 (Fig. 1d) discussed in Sec. II, we tag one such exposed Mn as the dissolving species, add a F − to it, and use the harmonic constraints inherent to ∆W (R) simulations to progressively pull it off its initial lattice site. See Fig. 3a , which also depicts the reaction coordinate R.
The ∆W (R) associated with the above-surface migration of this Mn is shown in Fig. 4 . A harmonic constraint is not needed or used in the plateau sampling window (Fig. 3d - surface that a subsurface Li + ion can reversibly occupy the site vacated by this Mn (Fig. 3e) .
The time-dependence of this motion is illustrated by the red line in the inset of Fig. 4 . The distance between this Li + and a subsurface O 2− to which it is initially coordinated fluctuates between 2 and 4.5Å within picosecond time scales as the Li + moves back and forth. For a comparison, the black line corresponds to the pre-plateau sampling window "C" (Fig. 3c) When F − is present in the simulation cell (Figs. 3-4) , the tagged Mn can fluctuate between +2 and +3 charge states in AIMD snapshots taken about 0.7 ps apart. In the R∼3Å and plateau windows in Fig. 4 Imposing a constraint on the Li + -subsurface O 2− distance (inset of Fig. 4) , only, leads to larger R values, but the F − anion now falls on to the oxide surface (Fig. 3f) should not be expected.
C. Mn(II) Dissolution from the LMO Surface
This subsection describes the dissolution of the above-surface Mn ion into the liquid electrolyte. For this purpose, we assume this configuration is at zero free energy, due to stabilization events not included in Sec. III B, and ignore the work done to arrive at it.
We start with the unconstrained configuration shown in Fig. 3e , and switch to a different reaction coordinate, R ′ = |z Mn − z Mn ′ |, where (Mn') is another Mn on the (001) surface layer (Fig. 5a ). In most of the sampling windows in this PMF calculation, the tagged Mn is in the Figs. 5c-d are taken from a trajectory in a sampling window with an umbrella constraint centered around R o = 4.4Å. The average free energy of this window is ∼0.88 eV (Fig. 6 ).
These panels depict the before-and-after snapshots of an unexpected reaction that accompanies Mn(II) release into the liquid electrolyte. In Fig. 5c , taken at the beginning of the trajectory, one of the two Mn(II)-OH − bonds is already broken. At this stage, AIMD simu- lations have led to substantial OH − re-arrangement. Comparison with Fig. 5b reveals that the OH − detached from the Mn(II) has moved more than 2Å along the surface. In fact, the R ′ < 3Å part of (Fig. 6 ) is recomputed by starting from such a OH − displaced configuration and reducing the constraint distance R o progressively in new sampling windows.
The remaining OH − tethering the Mn(II) to a surface Mn(III) is in the vicinity of an EC fragment adsorbed to the surface (Fig. 5c ). 3.6 ps into the trajectory associated with this window, the Mn(II) dissociates from this OH − . At 4.9 ps, the Mn(II)-OH distance shrinks back to 2.9Å. At that point, instead of reforming the Mn(II)-OH − ionic bond, the OH − attacks the -CHO group of the EC fragment nearby to form a -CH(OH)(O − ) motif. The final configuration is depicted in Fig. 5d , taken 11 ps into the trajectory. The unusual species, like a -COOH group attacked by a H − , is not expected to be extremely stable. Indeed the C-OH covalent bond has a tenuous ∼1.55Å bond length. Its formation reflects the strong nucleophilic nature of OH − weakly solvated by an aprotic liquid electrolyte.
Once the OH − attacks the organic fragment, it is released from both the LMO surface and the tagged Mn(II) (Fig. 5d) . The Mn(II)-OH − -Mn(III) bridge is permanently broken.
The inset to Fig. 6 indeed shows that, after the OH − attack, R ′ fluctuates around 4.4Å which is the precisely the umbrella constraint distance R o in this window. Therefore the Mn(II) is undergoing free diffusion, constrained only by the PMF harmonic potential. The C-OH bond formation is not reversible within our AIMD trajectory timescales. Not even the metadynamics technique 38 could have accelerated the C-OH bond formation because no bond is broken, and the reaction relies on diffusion of the EC fragment. Thus Fig. 6 does not truly represent a reversible work. We regard the predictions of this subsection as semiquantitative. However, the mechanistic steps described herein may be generally applicable to transition metal ion dissolution in organic solvents. remains 5-coordinated, moving 2.55Å away from one of the O-atoms initially coordinated to it before LiF are introduced (Fig. 7a-b) . The reason may be the large concentration of negative charges surrounding Mn(II) in an interfacial site that is not well-stablized by long-range Madelung forces. The excess electron is now delocalized over the simulation cell.
Starting from the for a time (Fig. 7c) , but diffuse away within another 4.5 ps (Fig. 7d) . The rapid diffusion of Due to the divalent cation induction effect, the Mn(II)(EDC) n complex should more readily accept an e − from the anode at low voltages than the rest of the SEI components.
Ref. 47 proposes that solvent molecules like EC can diffuse through the porous organic SEI component (e.g., LEDC), coordinate to Mn(II), and be reductively decomposed. Our calculations suggest an alternate scenario: further reductive decomposition of organic SEI components like EDC coordinated to Mn(II) (Fig.1d) . The CO 
is exothermic by 0.317 eV at T=0 K, not counting zero-point energy which further favors the reaction. It is evidently hindered by slow kinetics at room temperature. In contrast, all-solid-state battery components are generally annealed at elevated temperatures, which facilitates the attainment of thermodynamic equilibrium. When EC is allowed to react with even fully lithiated (i.e., discharged) spinel oxide, the reaction is also exothermic. 87 We also propose that metal ions with 3+ and 4+ formal charges in the protective coating layers will raise OH − migration barriers. This is significant because, in this work, OH − migration is shown to facilitate metal dissolution on LMO not coated by ALD layers. This observation appears consistent with anecdotal rankings of successful ALD oxide coatings in the literature. 17, 54, 88 One exception is the divalent-metal ion-based magnesium fluoride coating. It has proved promising in passivating LNMO, although capacity fade still occurs in less than 100 cycles at 45 o C.
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Note that there are competing desirable attributes for protective coatings, like high Li + mobility, resistance towards cracking, and others.
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We have applied ab initio molecular dynamics (AIMD) simulations to investigate Mn loss from spinel Li x Mn 2 O 4 (001) ("LMO") surfaces. We distinguish between Mn migration to above-surface, non-crystallographic sites to form Mn-decomposed EC fragment complexes, and Mn(II) dissolution from these surface sites. We also explore the consequence of Mn(II) lodged between the organic and inorganic layers of the solid electrolyte interphase (SEI)
after it has diffused through the separator.
When the exiting Mn is bonded to a F − , which can come from PF Mechanistically, it is found that concerted solid-state Li + and liquid electrolyte motions at the interface facilitate Mn(II) migration to the above the surface.
The next step -Mn(II) dissolution from the surface -must be discussed semiquantitatively. We assume that the Mn which has migrated above the LMO surface is stabilized by external means and restart AIMD free energy calculations. Dissolution is aided by the existence of sufficient H + so that the exiting Mn(II) only exhibits OH − bridges to the oxide surface. OH − attack on an organic fragment is also observed in our simulations.
Future work will examine whether such an attack is a general phenomenon. The frequently can diffuse through the organic SEI region, without requiring large pores to exist, and then attack the liquid electrolyte outside the SEI, leading to capacity fade. Our finding that the organic SEI on the anode surface can undergo chemical reactions dovetails with recent computational work focused on SEI instability. 64 It is also related to the "redox shuttle"
route of e − transport through the anode SEI.
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In terms of computation, AIMD simulations of the free energy barrier associated with
Mn loss prove to be challenging. Concerted solid-and liquid-state motion usually requires different simulation time scales, and many moving parts and unexpected chemical reactions can occur while the transition metal ion moves through the interface. Given the dearth of atomic-length-scale experimental interfacial structures as starting points of simulations, our models should be considered plausible scenarios that can yield useful insights.
